A metallic photonic crystal filter has been demonstrated at terahertz frequencies, with the passband tuneable over the range 365 -386 GHz. Tuning is achieved by a relative lateral shift of two metallic photonic crystal plates. Each plate comprises two orthogonal layers of gratings and integral mounting lugs. The plates are micromachined from silicon wafers then coated in gold to provide metallic electromagnetic behaviour. An insertion loss of 3 -7 dB and Q in the range 20 -30 was achieved. A shift of 140 µm gave a tuning range of 21 GHz, tuning sensitivity of 150 GHz/mm and a fractional tuning range of 6%.
Terahertz frequency imaging systems are attracting a growing interest as they improve in both speed and cost 1 . These developments lead the way for a diverse range of emerging applications in spectroscopy and imaging that require additional passive components, such as tuneable filters. For example, tuneable filters are an inline and compact replacement for diffraction gratings and moveable slits in spectrometers employing bolometric detection and facilitate inexpensive frequency agility in broadband pico-cellular or intra-satellite communications networks. In other applications, benefits accrue from installing a filter that is continuously tuneable, such as providing tuneable operating frequencies and improved tolerance to manufacturing variations.
A number of high frequency filters have been reported to date. These include fixed frequency filters operating in the range 100 GHz -20 THz [2] [3] [4] or devices that are on-off switchable from fixed pass-band to all-reject 5 . Continuously tuneable filters have previously only been demonstrated for operation up to 30 GHz 6 or 100 GHz 7 . In this letter, we report the fabrication and characterization of a filter that is continuously tuneable by means of a mechanical motion, based on a metallic photonic crystal at terahertz frequencies. The filter is designed for free-space operation and is constructed from two identical plates, as shown in Fig. 1 (not to scale, and with a cut-away for clarity) 8, 9 . Each plate comprises two orthogonal linear grids with integral mounting lugs. Linearly polarized waves, having the electric field E orientation as shown (transverse magnetic, TM), are normally incident from the top of the device. The TM polarization direction is chosen in order to access the tuning mode we describe here.
For the orthogonal polarization (transverse electric), there is no tuning mechanism within or below the frequency range of interest, since transmission is blocked due to an effect similar to a simple wiregrid polarizer. Therefore we confine the remainder of our discussion to the TM polarization. All the rods in the grids are of subwavelength size, having dimensions of width r, depth d, and period Λ.
The transmission characteristic of this filter exhibits a plasmonic forbidden band that extends from zero frequency to a cutoff frequency f c where the wavelength is approximately equal to twice the lattice constant of the three dimensional lattice structure
There is a single peaked transmission band located just above f c , which may be continuously tuned by a relative lateral shift, 0 < s < Λ 2 , of the plates in a direction parallel to the inner grids' grating vector K. An allowance is made for a small fixed separation g between the plates but this is not used to tune the device, therefore the tuning method is different to Fabry-Pérot cavity-based techniques 6, 11 . Ideally g = 0, but practical designs to facilitate translation of the plates require a small degree of separation. In the initial position, the inner rods are aligned (s = 0, not shown in Fig. 1 ) and the passband frequency f p is at its highest. Increasing the tuning shift s causes f p to fall.
We developed a wavelength scaleable micro-fabrication process After etching, the silicon plates were coated in gold using a three step metallization process. shift is reached at s = 140 µm, the centre frequency does not rise again as strongly as reported previously for a lower frequency device 8 . We believe that this is due to the measured gap between the plates of 30 µm in both experiments having a greater effect at the shorter wavelengths studied in this work. Over the range 0 < s < 140 µm, the ∆f p -FWHM ratio is 1.6 relative to the peak with the highest Q (s = 140 µm), and 1.1 relative to the peak with the lowest Q (s = 0 µm). The fractional tuning range is 2∆f p /(f p min + f pmax ) = 6 %.
The performance of the device was predicted using full-vector electromagnetic finitedifference time-domain (FDTD) simulations. In order to achieve practical simulation times, it was necessary to model the device as an infinite grid by surrounding a unit cell of the device with periodic boundary conditions, due to the computationally intensive nature of FDTD. We believe this approach is justified because we do not observe edge effects in the Once the maximum tuning shift is reached at s = 140 µm, the centre frequency rises only slightly, by 1 GHz when s is increased to s = 220 µm. Over the range 0 < s < 140 µm, the ∆f p -FWHM ratio is 1.1 relative to the peak with the highest Q (s = 140 µm), and 0.9 relative to the peak with the lowest Q (s = 0 µm). Other simulations, not shown here, indicate that for g = 0 µm, the tuning range increases to 78 GHz(309 GHz< f p <387 GHz) for a tuning sensitivity of 557 GHz/mm, an improved ∆f p -FWHM ratio of 4 and a fractional tuning range of 22 %. This indicates that the measured performance of the filter could therefore be improved by reducing g, from its present value of 30 µm, using more advanced plate alignment techniques. It is noted that the same tuning range and behaviour is predicted and measured, except for a slight offset in the absolute frequency (approximately 23 GHz or 6%) which we partially attribute to the error in quantizing the structure's geometry into the 5 µm grid of the simulation domain and non-uniform rod dimensions in the actual device.
Key performance parameters of our tuneable filter, such as peak transmission (-3.7 dB) and Q (20), compare favourably with other terahertz filters, despite the added technical difficulties of creating a continuously tuneable device. The on-off tuneable filter 5 did have better Q (76) but at the expense of reduced peak transmission (-27 dB).
In conclusion, we have demonstrated a filter with a continuously tuneable passband at terahertz frequencies. The filter relies on the tuning of a metallic photonic crystal through a relative lateral shift of two silicon-microfabricated plates that have been coated in thick gold. The device was characterized in a broad-band terahertz pulsed imaging system. Full vector electromagnetic FDTD simulations were used to predict the device performance. The filter's measured insertion loss was higher than expected at between 3 -7 dB, although this is expected to be acceptable for application at terahertz frequencies. A tuning range of 21 GHz (365 GHz < f p < 386 GHz) and passband a Q of between 20 to 30 was achieved in good agreement with simulations. 
